The structural and electronic properties of bulk, monolayer and ultrathin films of V 2 O 5 and MoO 3 layered oxides have been studied with first-principles density functional theory calculations including Van der Waals dispersion corrections. Specific DFT+U functionals have been tested in order to properly reproduce geometry, band-gap, static dielectric constant, and formational enthalpies of the two materials. The mono-, and multi-layers are cleaved along the <001> and <010> stable crystallographic orientations for V 2 O 5 and MoO 3 , respectively. At least three layers are needed for both materials in order to recover bulk-like properties. Spin-orbit effects have been incorporated in our prediction, but they show marginal effects.
Introduction
In recent years an increasing interest has been devoted to low dimensional materials, and in particular to two-dimensional, or 2D materials. 1, 2 In many cases these systems can be exfoliated separating the single layers from the rest of the material. Successful examples have been reported for transition metal dichalcogenides (TMDs) beside the well known graphene case. 3, 4 For some three-dimensional oxides it is also possible to growth ultrathin films (2D oxides) on a metal support; ultrathin films of MgO, Al 2 O 3 , FeO, SiO 2 , ZnO etc. have been grown on various metal substrates. The properties of these systems are often quite different from those of the corresponding bulk materials. 5 This is also due to the fact that often 2D oxides assume structures that are markedly different from the corresponding bulk structures. On the other hand, layered oxides like vanadium pentoxide (V 2 O 5 ) or molybdenum trioxide (MoO 3 ) exist in nature, and exfoliation of these layered oxides can in principle be used to obtain new materials with novel properties and applications. 6, 7 For instance, a recent study has shown the potential of liquid exfoliation of MoO 3 nanosheets to obtain new materials for supercapacitors energy storage applications. 8 The thermodynamically stable orthorhombic phase (also known as α-phase) of V 2 O 5 and MoO 3 , two transition metal oxides with d 0 character, have been widely studied both experimentally and theoretically due to their excellent opto-electronic, photo-and electrochemical properties, also useful for catalysis. 9, 10 Recently, in the search of metal-ion-battery electrodes, V 2 O 5 has been proposed as a good candidate for Li-ion batteries with theoretical capacity up to 294 mA h g -1 . 11, 12 On the other hand, MoO 3 is also well known for technological applications as an inorganic photochromic and electrochromic material, 13, 14 as catalyst, 15, 16 and sensor. 17 The thermodynamically stable surface is (001) for V 2 O 5 7 ,18 and (010) for MoO 3 . 6 Using a liquid exfoliation technique Rui et al. reported the preparation of V 2 O 5 2D nanosheets of width 2.1 to 3.8 nm. 11 Other routes to obtain V 2 O 5 nanostructures from hydrothermal, solvothermal, and wet/dry exfoliation techniques have been reported. 12 As for MoO 3 , MolinaMandoza et al. 6 have studied the dependence of the properties on the thickness but no major change in band-gap and band-structure has been observed going from the monolayer to the bulk.
This result contrasts with a recent study by Liu et al. 7 based on the preparation of micro-to nanosized crystals of MoO 3 . According to this study, the optical band-gap shows a clear blue shift (~1.5 eV) going from 4 to 8 layers, and to the bulk phase of MoO 3 .
There are structural similarities in these two oxides, and a similar arrangement via interlayer Van Alongside with the large number of experimental studies of electronic and optical properties of V 2 O 5 and MoO 3 , either in bulk or thin-films geometry, a number of DFT studies has been reported. The PW91+U GGA functional has been used to study the impact of different values of the U parameter on V(d) states on the geometry and electron localization. 18 In another study, GW calculations (over the LDA ground state) 19 have been reported on a V 2 O 5 monolayer, with a predicted band gap of 4 eV. Moving to MoO 3 , PBE-D2 DFT calculations have been performed introducing compressive and tensile strain to explain some experimental findings. , along with U correction on Mo(d). They have concluded that the geometry was better described with a vdW-D2 functional, and that there is almost no effect on the band-gap varying U on Mo(d) from 2 to 8 eV. 21 The scope of this paper is twofold. On one side we will try to define a computational setup which is able to describe with a similar accuracy not only the structural parameters and the band gap of the material, which are the usual targets of the DFT calculations, but also of the dielectric constant and of the formation energy of the bulk material. This in view of the possible extension of the investigation of these materials in chemical processes where thermodynamic aspects are important. The second objective is to investigate to what extent the properties change by going from the monolayer to the bulk of V 2 O 5 and MoO 3 .
Choice of computational methodology
It is well known that in DFT studies of molecules and solids the choice of the exchangecorrelation functional is critical. In particular, semiconducting and insulating materials need to use the so-called self-interaction corrected functionals, where the problem of the self-interaction error inherent in LDA and GGA approaches is partly removed. The problem is particularly severe for the strongly correlated d-orbitals of transition metal oxides. 22 To this end, two practical approaches are usually followed, one based on hybrid functionals, where a portion of the exact Fock exchange is mixed-in with the DFT exchange, and the other one based on the "onsite" Hubbard U correction for the correlated electrons. In both cases, the extent of exchange mixing, α, 23, 24, 25 and the value of the U term 26, 27 are determined in a more or less empirical way, by choosing the values that lead to a better reproduction of some key quantities (e.g. the lattice constants, the band gap of the material, etc.). An alternative which has been recently suggested consists in using a self-consistent hybrid approach where the amount of exact exchange α is not used as an external parameter but is varied in order to determine the static dielectric constant of the material. This approach is based on the observation that the static dielectric constant of a material ε depends on α, ε = 1/α. Starting from an initial value of α, one can compute ε which is then used to determine a new value of α until the process leads to a stable, self-consistent ε value. The method is called dielectric-dependent self-consistent hybrid approach. 28 In this work we have both the dielectric-dependent hybrid functional and the DFT+U approach to study V 2 O 5 and MoO 3 layered materials. We started by using the Perdew-BurkeErnzerhof (PBE-GGA) formulation 29 of GGA as implemented in the plane-wave pseudopotential code Vienna Ab-initio Simulation Package (VASP). 30, 31 The DFT+U calculations have been performed following the approach suggested by Dudarev et al. 22 The valence electrons are approximated with Projector Augmented Wave (PAW) method 32 with a plane-wave cut-off of 600 eV. A total of 13 valence electrons for V(3s ). All calculations were done using spin-polarization.
In order to describe the inter-layer interaction dominated by vdW forces, we have considered the long-range dispersion energy correction in the semi-empirical approach proposed by Grimme (3 rd generation of dispersion force correction, DFT-D3). 33, 34 The method is thus referred to as PBE+U/D3. Spin-orbit coupling (SOC) has also been considered in selected cases, via perturbation theory using a scalar-relativistic wave-function of the valence states in PBE+U/D3/SOC.
A convergence of the total energy and Hellmann-Feynman forces on the atoms of 1×10 For the hybrid functional calculations we used the Crystal17 code based on localized basis functions. 35 We used the B3LYP 23, 24, 25 formulation of the hybrid functional, either in the original formulation where α = 0.20, or taking for α the inverse of the experimental dielectric constant for both MoO 3 and V 2 O 5 bulk phases. All electron Gaussian-type basis-set 8-411G(d1) was used for O atom and 86-411G(d3) was used for V atom. For the heavy atom Mo, we have adopted a small core effective core potential (ECP), leaving the 4s, 4p, 4d, 5s states in the valence (14 valence electrons and basis-set). 36 The convergence of the total energy of the two consecutive SCF cycles were set to 1×10 -8 using the Monkhorst-Pack/Gilat shrinking factor 8/16
for bulk and slab models. The tolerance for the Coulomb overlap, exchange-overlap and penetration integral in direct space were set to 1×10 -7 , whereas the default for the reciprocal space Coulomb exchange-pseudo overlap integral was set to 1×10 -14 in all calculations using Crystal17 code.
The scope of the first part of the work is to try to determine at a similar level of accuracy, not only the lattice parameters and the band gap of the two materials, but also their formation enthalpies and dielectric constants. Furthermore, the formation of an oxygen vacancy and the degree of electron localization have also been used as a test of the validity of the computational approach used. V 2 O 5 and MoO 3 are two oxides widely used in catalysis, where their chemical activity does not depends only on the geometric structure and electronic band gap, but also on the cost of removing oxygen from the surface, e.g. in oxidative chemical processes. In the following we will discuss the results obtained, in order to arrive to a good compromise in terms of accuracy and computational cost.
Results of dielectric dependent hybrid calculations
In this section we will discuss the results of hybrid functional calculations using the CRYSTAL17 code. These calculations have only an exploratory purpose and, as we will show below, are reported here in order to show that the use of a dielectric-dependent functional does not lead to a good description of the material. For the calculations we adopted the B3LYP hybrid functional, but in case of MoO 3 also the PBE0 functional has been considered. The calculations have been performed using a fixed optimal geometry for V 2 O 5 and MoO 3 obtained at the PBE+U/D3/SOC level of theory. This structure is rather close to the experimental one, and the results are not expected to depend on small changes in the lattice parameters related to the use of an hybrid functional.
A self-consistent hybrid functional has been derived; the exchange fraction α was evaluated self-consistently using the computed average dielectric constant, ε, of the bulk oxides.
For MoO 3 the computed value of this quantity, 4.26, differs by more than 30% from the experimental value, 5.7; the corresponding exchange fraction, given by the inverse of the dielectric constant, is 23.45%. With this value of α the Kohn-Sham band gap of the material is predicted to be 3.5 eV, while the experimental value is of about 2.2 eV. We repeated the procedure using the PBE0 formulation of the hybrid functional, but the results are similar: ε is 4.28 and the corresponding band gap 3.49 eV, far from the experimental values.
Next, we considered V 2 O 5 using the same procedure: the results are qualitatively similar, with the DFT calculations predicting an average dielectric constant, 4.46, which differs substantially from the measured one, 5.9. We also checked that this is not related to the anisotropy of the computed dielectric constant. The result is that a band gap of 3.35 eV is predicted for V 2 O 5 , ~1 eV larger than in the experiment (2.3 eV) 37 .
These data show that the use of a dielectric-dependent hybrid functional does not provides a good description of the band gap and of the dielectric properties of the two oxides.
Further work is planned to better understand the reasons for this failure. For the rest of the study we decided to consider the PBE+U/D3 approach and to define a set of parameters able to describe at an acceptable level of accuracy a series of electronic and geometric properties. The rest of the discussion is based on this kind of approach. Most of the details about the determination of the set of parameters are reported in the Supplementary Information, Section S1, S2 and S3.
Properties of bulk V 2 O 5
As we mentioned before, the final value of U used in the calculations is the result of the analysis of four different properties, trying to provide a balanced and uniform description of structural, electronic, dielectric and thermodynamic properties. The effective U value that seems to give this kind of balance for V 2 O 5 is U V = 3.5 eV for V(d) within the PBE+U/D3/SOC approach. In the following we have provided evidence in support of this choice. The calculated structural parameters and band-gap values can be found in Table 1 , where they are compared to the experimental data for V 2 O 5 . The dispersion energy correction via vdW-D3 formalism is quite crucial, since the vdW interlayer spacing is reduced by 0.3 Å compared to a standard PBE approach. In general, the lattice parameters are well described, with errors of about 1%, at the PBE+U/D3/SOC level. In our study, using U = 3.5 eV, the band gap of the material is quite well reproduced, 2.18 eV against 2.3 eV (Table 1) . However, we notice that the inclusion of the U term has only a moderate effect on this property which goes from 1.98 eV at PBE level, to 2.18 eV after inclusion of vdW forces, U term and SOC contributions.
Structural parameters
In The impact of SOC has been checked, but this term does not alter the band-splitting (the band-edges of the valence and conduction bands move by less than 2 meV). Thus, spin-orbit coupling will be no longer discussed.
Formation Enthalpy
The formation enthalpy (∆H) of the bulk phase of vanadium pentoxide has been considered starting from solid vanadium metal and molecular oxygen. Experimentally, the formation of V 2 O 5 releases 1550.6 KJ/mol (16.15 eV/f.u.). At the PBE+U/D3/SOC level (U = 3.5 eV), the computed formation enthalpy is 15.93 eV, i.e. remarkably close to the experimental value (error of 1.4%) (see Section S2 for details).
Static Dielectric Constant
The last property considered is the static dielectric constant, ε, calculated using the KramersKronig dispersion relations within linear optical properties and independent particle approach, as implemented in the VASP code. 46 Details of the optical equations, frequency dependent real and imaginary dielectric tensor are given in the SI Section S3. The calculated values of ε along all three polarization axis of V 2 O 5 are tabulated in Table 2 and compared with the experimental data. Note that in this table the only trace component of the real part of the dielectric constant as computated at zero frequency along the three principle crystallographic axis are shown, and there average. We did not find previous DFT studies of the static dielectric constant for V 2 O 5 . Our prediction, ε = 5.65, reproduces quite satisfactorily the known experimental value 5.9, with an error of 4.2%. 47 Notice that some effect is found in the calculation of this property by going from the standard PBE functional to the PBE+U/D3/SOC ne. In particular, there is a stronger anisotropy of the constant at the higher level of theory, which probably reflects the different interlayer distance. The final average value, however, is not particularly affected by the choice of the method. 
Computed properties of bulk MoO 3
The choice of the U parameter to be used for the study of the MoO 3 bulk phase study turned out hybrid functional these authors computed a direct band-gap of 3.1 eV, similar to the experimental direct gap of 3.0-3.3 eV, 6, 51 obtained from optical absorption measurements. 52 Finally, Inzani et al. 21 have checked many possible formulations of Van der Waals dispersive energy contributions, along with U corrections on Mo(d). They concluded that even though the geometry was better described with vdW-DF2 approach, almost no effect on the band-gap resulted from a variation of U on Mo(d) from 2 to 8 eV.
We also studied the properties of MoO 3 varying the U parameter on the Mo 4d states from 4.3 to 8.6 eV, but we could only confirm the conclusion that there is no effect on the properties of the material. Therefore, no U value on Mo has been included in the calculations.
However, as it will be discussed in more detail below, the description of the Kohn-Sham band gap and of other properties slightly improves if a U value is applied to the O 2p orbitals. Use of U parameters for the more delocalized orbitals of the ligand atoms has been suggested in the past, and it turned out to be of some help for the description of the system. 53 When we introduced the U term on O 2p states, we checked that the O 2 molecule's binding energy is properly described, in order to be able to have a computational setup capable to describe also O removal from the material (vacancy formation energy). Based on a series of test calculations, see SI Section S1 and S2, we came to the conclusion that a good description of the O 2 dissociation energy, of the lattice constants, of the indirect band-gap, of the formation enthalpy, and of the static dielectric constant of bulk MoO 3 can be obtained using U O = 5 eV on O(p) states. Further details can be found in the next subsections. Therefore, the calculations reported in the following are based on a PBE+U/D3/SOC approach where U = 5 eV has been applied to the O 2p states, and not to Mo 4d orbitals.
Structural parameters
The crystal structure of α-MoO 3 is centro-symmetric with orthorhombic symmetry and space Table 3 . We notice that the dispersion corrections are larger than for V 2 O 5 , with a reduction of the interlayer spacing by nearly 0.7 Å. The results show that the geometry of bulk MoO 3 is well reproduced, with typical errors on lattice parameters, buckling angles, and vdW spacing smaller than 3% and usually much smaller.
In this respect, the present approach is a bit less accurate than for the case of V 2 O 5 , Table 1, where the maximum error is of 1.4%.
Band gap and electronic structure
The bulk MoO 3 orthorhombic phase, has indirect band-gap of 2.2 eV as recently validated by experimental absorption spectra and theoretical data from PBEsol-vdW-D2 mehtod. 6 In our PBE+U/D3/SOC calculations with U O = 5 eV we obtain an indirect band-gap of 1.88 eV, about ~15% lower than the experimental one. On the other hand, the direct band-gap at Г-point is ~3.0 eV, which is quite close to to the optical absorption measurements which report a value of ~3.0-3.3 eV for this oxide.
The total band structure of the bulk phase is shown on the right side panel of 
Formation Enthalpy
The formation enthalpy (∆H) of MoO 3 computed at the PBE+U/D3/SOC level with respect to the standard references, Mo(s) and O 2 (g), is 6.77 eV/f.u. (650 KJ/mol). This has to be compared with the experimental value of 7.76 eV (745 KJ/mol). The computed value is underestimated by about 1 eV, or 12.7%. Notice that with the present approach the O 2 dissociation energy is 5.53 eV, to be compared with the experimental value of 5.2 eV. Thus, one can consider the present set-up sufficiently accurate, within about 10% error, to describe reactions involving oxygen release from the oxide phase with formation of gas-phase oxygen and a reduced MoO 3-x phase. Using a standard PBE approach the computed ∆H is 9.36 eV, i.e. 1.6 eV larger than in the experiment, and the O 2 dissociation energy, 6.65 eV, is largely overestimated.
Static Dielectric Constant
Finally we consider the dielectric constant of MoO 3 as obtained with the PBE+U/D3/SOC (U O = 5 eV) approach, Table 4 . The three components of the tensor are reported along with the average value, 5.88. This is quite close to the experimental value, 5.7, 55 and to a calculated value by Lajaunie et al. 56 ε avg (0) = 5.3 for bulk α-MoO 3 . Also in this case we do not observe a particular improvement by going from the simple PBE approach to the PBE+U/D3/SOC one: the changes in ε are negligible. bands from the rest is preserved for the ML. In general, the calculated band structure of the ML remains similar to the bulk phase, with an indirect band-gap due to the inter band transition from R-to-Г point of the IBZ. An indirect type band-gap for a V 2 O 5 ML has been reported also from LDA calculations. 19 For further details see the SI, Section S5.
MoO 3 Monolayer
Differently from V 2 O 5 ML, where a non-negligible contraction of 2.6% was found after the optimization of the lattice parameters, for the case of MoO 3 ML the structure (distances and bond angles) remains almost unchanged compared to the bulk (the changes in geometrical parameters are less than 0.5%). This may be due to the very compact MO 6 octahedra which are connected via strong covalent bonds. The width of the zigzag ML of MoO 3 is 6.377 Å, which is comparable to that of a single layer in the bulk phase, 6.356 Å. Table 1 , we conclude that a V 2 O 5 tri-layer has a geometric structure which is almost converged to that of the bulk (see supporting data Section S6 for further details). shown in Figure 7 . As for the geometry, also the electronic DOS of a V 2 O 5 tri-layer reasonably matches that of the bulk phase. 
Bi-and Tri-layer of MoO

Conclusions
In summary, we have studied thermodynamical, electronic properties and calculated dielectric constant of the two well known layered oxides V 2 O 5 and MoO 3 from first-principles PBE-GGA-D3+U calculations in plane-wave with pseudopotential formulation and Gaussian basis hybrid or self consistent hybrid calculations, compromising the computational cost and reasonable accuracy than the known experimental data. The calculated bulk band-gap and formation enthalpy of the both phases were suitable than the known experimental data using this new functionality in our theoretical approach. We comment here with caution that the correlation effect in Mo(d) is relatively smaller than the V(d), thus Hubbard U was applied on the O(p) of bulk MoO 3 oxide. Our calculations also confirms the measured band-gap for bulk V 2 O 5 is indirect (2.3 eV) and in case of MoO 3 we predicts that the lower band-gap ~2 eV from indirect transition, consistent with existing one theoretical literature, but the higher band-gap ~3.0 eV is from direct transition at Г-point, which predict further clear experimental measurement to reconfirm our guess. We have carried out extensive study also on their mono and few layers of these oxides and concluded that minimum three layers (1-2 nm width) is needed to get conversed properties like the bulk as soon as the structure and electronic properties are concerned. In case of the V 2 O 5 , we expect less possibility of exfoliation due to its stronger vdW forces, than the other oxide MoO 3 . The impact of the spin-orbit coupling is marginal (less than 10 meV per f.u.)
for V 2 O 5 on total energy and about 100 meV per f.u. for MoO 3 . The point defects for example, oxygen vacancy might have very important role for such mono or few layer geometry, electronic, magnetic and polaronic properties in comparison to same in the bulk structure defects, which could be mater of future research works.
We would like to comment also on the role of different oxygen vacancy for the reduced phase of the MoO 3 needs to apply a Hubbard U also over the Mo(d) orbital, in order to localize two unpaired electrons in the bulk geometry from single vacancy of O m . Whereas such point defects physics and chemistry remains an open issue to the role of polaron (mono or bi?) localization in this particular material in low dimensionality finite size to the bulk geometry, which we would like to address in our future work. More interestingly, the dielectric constant based hybrid approach would another possibility to recheck for these layered oxides, in support to the known experimental data till date about the polaron localization. On the other hand, two unpaired electron from O v vacancy in bulk V 2 O 5 was possible to localize.
